Objective: Several lines of evidence suggest that pathologic changes underlying Alzheimer disease (AD) begin years prior to the clinical expression of the disease, underscoring the need for studies of cognitively healthy adults to capture these early changes. The overall goal of the current study was to map the cortical distribution of ␤-amyloid (A␤) in a healthy adult lifespan sample (aged 30-89), and to assess the relationship between elevated amyloid and cognitive performance across multiple domains.
Beta-amyloid (A␤) protein deposition in the human brain is a marker of Alzheimer disease (AD) and a key component in current theories of the disease's pathogenesis. 1 At least 20% of cognitively normal elderly evidence A␤ neuropathology upon autopsy. 2, 3 The pathologic changes underlying AD begin decades prior to its clinical expression, 4 underscoring the need for normal aging studies to capture these early changes. 5 A␤ deposition may begin earliest in the precuneus, 6 and frontal, cingulate, and parietal regions are primary areas of A␤ deposition. 7 Although the etiology of A␤ deposition is poorly understood, the APOE ⑀4 allele is a significant risk factor for elevated amyloid 8 -12 and AD diagnosis. 13 Research on the impact of A␤ on cognition in normal adults is inconsistent. 5 Most studies reported nonsignificant associations with memory, 6,10,14 -17 yet some show modest correlations of A␤ to decreased memory scores 18, 19 with the strongest effects observed in difficult memory tasks 20 or on longitudinal change in memory. 11, 21 Studies investigating the impact of A␤ on nonmemory domains consistently report nonsignificant results. 6, 14, 16, 17, 19 The extant literature, however, is limited by small, restricted samples of adults aged 60 or older.
A recent attempt to define preclinical stages of AD suggests this phase includes no measurable cognitive change. 22 However, few studies of healthy adults, especially middleaged and younger adults, exist to verify this statement. Thus, the overall goals of the current study were 1) to map the cortical distribution of A␤ in a healthy sample aged 30 -89 and 2) to determine how A␤ burden affects cognitive function in apparently healthy, high-functioning individuals.
METHODS Participants. Participants were recruited from the Dallas Lifespan Brain Study (DLBS; n ϭ 350, age 20 -89), a comprehensive study on cognitive function and neuroimaging. DLBS volunteers are recruited from the community and screened against neurologic and psychiatric disorders, loss of consciousness Ͼ10 minutes, drug/alcohol abuse, and major heart surgery or chemotherapy within 5 years. Participants are native English speakers and right-handed. DLBS participants 30 -89 years old who completed testing within the last 12 months (n ϭ 215) were invited to return for an A␤ PET scan. Replies numbered 196 (91%) and of those, 90% accepted invitation (177). The resulting sample (table 1) consisted of the first 137 participants scanned (82 women; 55 men), aged 30 -89 (mean age 64 Ϯ 16.3 years). Participants were well-educated (mean 16.4 Ϯ 2.7 years) and scored highly (29.3 Ϯ 0.9) on the Mini-Mental State Examination. 23 Mean delay between initial testing in the DLBS and the PET imaging session was 6.9 Ϯ 4.02 months.
Procedures. All participants completed 4 2-hour visits: 2 for cognitive and neuropsychological testing, followed by 1 for MRI scanning, and 1 for A␤ imaging.
Standard protocol approvals, registrations, and patient consent. This study was approved by the University of Texas at
Dallas and University of Texas Southwestern Medical Center human investigations committees. All participants provided written informed consent prior to enrollment and were debriefed in accord with university human investigations committee guidelines. APOE genotyping. Venous blood was collected into EDTAanticoagulated tubes and genomic DNA was isolated by standard protocols. 24 Typically 50 -70 g of DNA were isolated from 2 mL of whole blood. APOE genotypes were determined by real-time PCR using TaqMan probes (Applied Biosystems, Inc., Foster City, CA) unique for each APOE single nucleotide polymorphism, rs429358 (assay ID C3084793 20) and rs7412 (assay ID C 904973 10), according to established protocols. 25 APOE data were available for all but one participant, and participants were classified as APOE ⑀4 carriers if they had at least one ⑀4 allele.
Neuropsychological battery. Participants completed 2 tests each of processing speed, working memory, episodic memory, crystallized abilities, and fluid reasoning. Processing speed, an index of speed of cognitive operations, was measured by Digit Comparison 26 and Wechsler Adult Intelligence Scale (WAIS)-III Digit Symbol. 27 Working memory describes the ability to hold and manipulate information simultaneously across a short period of time and was measured by Operation Span 28 and WAIS-III Letter-Number Sequencing. 27 Episodic memory assesses the ability to recall information over time and was measured with 2 word-list memory tasks: the Hopkins Verbal Learning Task 29 and Cambridge Neuropsychological Test Automated Battery (CANTAB) Verbal Recognition. 30 Crystallized abilities describe world knowledge acquired with age (e.g., verbal ability) and was measured with the Educational Testing Service (ETS) Advanced Vocabulary Scale 31 and Shipley Vocabulary Scale. 32 Fluid reasoning is the ability to discover and apply rules of sets or situations and was measured by ETS Letter Sets 31 and Raven's Progressive Matrices. 33 Each of the 2 tests was standardized to z scores and averaged to form composite indices for each of the 5 cognitive constructs (see table 2 for age-cognition correlations).
PET protocol. PET acquisition. Participants were injected with a 10-mCi bolus of 18 F-florbetapir for a 10-minute emission and 10-minute transmission scan. At 30 minutes postinjection, participants were positioned on the imaging table of a Siemens ECAT HR PET scanner. Velcro straps and foam wedges secured the participant's head and the participant was positioned using laser guides. A 2-minute scout was acquired to ensure the brain was completely in the field of view and there was no rotation in either plane. A 2-frame by 5 minutes each dynamic emission acquisition began 50 minutes postinjection and immediately after an internal rod source transmission scan was acquired for 7 minutes. The transmission image was reconstructed using backprojection and a 6-mm full width at half maximum (FWHM) Gaussian filter. Emission images were processed by iterative reconstruction, 4 iterations and 16 subsets with a 3-mm FWHM ramp filter.
PET data processing. Each participant's PET scan was spatially normalized to a florbetapir uptake template 34 (2 ϫ 2 ϫ 2 mm 3 voxels) using SPM8 (Wellcome Department of Cognitive Neurology, London, UK) and in-house MATLAB (Mathworks Inc., Sherborn, MA) scripts and visually inspected for registration quality. We created 8 bilateral regions of interest (ROIs) and a cerebellar hemisphere reference region (excluding peduncles) by modifying AAL masks (figure e-1 on the Neurology ® Web site at www.neurology.org). We computed standardized uptake value ratios (SUVR) for each ROI by normalizing to mean cerebellar uptake. To minimize inclusion of nonspecific white matter binding in our ROIs, we identified the gray/white matter boundary threshold in the PET images (SUVR ϭ 1.2) in our youngest subjects (age Ͻ35, n ϭ 9), and eroded each ROI by the resulting binarized white matter mask.
RESULTS Effect of age on mean cortical uptake.
Mean SUVR averaged across regions was analyzed with a general linear model (GLM) using age and sex as predictors. We observed a significant main effect of age (F 1,133 ϭ 25.14, p Ͻ 0.001) due to a linear increase in amyloid with age. Neither the effect of sex (F 1,133 ϭ 1.94, p ϭ 0.17), nor age ϫ sex (F 1,133 ϭ 3.22, p ϭ 0.08), reached significance, nor did the quadratic component of age (F Ͻ 1, p ϭ NS). We identified an elevated A␤ subgroup of individuals Ͼ60 years who exceeded the 95% confidence interval from the regression of age on mean SUVR (n ϭ 18; figure 1A ). The resulting cutoff value was a mean SUVR of 1.22 with a mean value of 1.50 Ϯ 0.17. Individuals with elevated amyloid represented 20.4% of the older adult sample (Ն60 years). The mean uptake for the elevated A␤ subgroup (figure 1B) is shown in comparison to a group of age-and sexmatched participants without elevated burden ( figure 1C ).
Effect of age on regional uptake. We examined differences in SUVRs across the 8 regions (figure e-1), utilizing age and sex as predictors in a GLM treating region as a repeated measure. Effect of A␤ on cognitive performance. Utilizing a GLM on the full sample, we assessed the effects of age and A␤ (controlling for sex) and their interaction on the standardized composite measures of 5 Additionally, we ran correlational analyses on the elevated A␤ subgroup, and the full sample without the elevated A␤ subgroup. In the elevated A␤ subgroup (n ϭ 18), there was a significant association of increasing amyloid burden to decreasing cognitive performance for processing speed (r ϭ Ϫ0.55, p Ͻ 0.02), working memory (r ϭ Ϫ0.46, p ϭ 0.05), and reasoning ability (r ϭ Ϫ0.59, p ϭ 0.01), but no significant association with episodic memory (r ϭ Ϫ0.09, p ϭ NS) or crystallized intelligence (r ϭ 0.05, p ϭ NS) was found ( figure 3) .
In the full sample without the elevated A␤ subgroup (n ϭ 119), we found a significant effect of amyloid burden only on reasoning (F 1,115 ϭ 6.44, p ϭ 0.01), with increasing amyloid related to poorer performance. DISCUSSION In the present study we report on a large-scale lifespan study (ages 30 -89) of amyloid deposition using 18 F-florbetapir in healthy adults. We demonstrate that even in a highly selected lifespan sample of healthy aging, A␤ deposition increases with age and is particularly elevated in about 20% of adults aged 60 and over. Moreover, A␤ load is distributed differentially across the cortex. Our crosssectional results suggest deposition progresses most rapidly in the precuneus, temporal cortex, posterior and anterior cingulate, respectively. In contrast, the occipital and parietal cortices, as well as DLPFC, and OFC showed small to moderate age effects. In the elevated A␤ subgroup, there was a much greater prevalence of ⑀4 carriers (38%) compared to the older adults without elevated A␤ (15%). Importantly, high-amyloid adults showed poorer cognitive function as demonstrated on measures of processing speed, working memory, and fluid reasoning, and the magnitude of difference was related to the amount of amyloid deposited.
Removal of the elevated A␤ subgroup did not diminish the positive relationship of aging to amyloid burden, thus yielding evidence for a linear increase in amyloid, even in a sample with lower levels of A␤, across the entire age span tested (30 -89) . The pattern of findings also suggests amyloid deposition from age 30 -59 increases measurably, although only longitudinal data will establish the clinical importance of subtle increases in middle age. Additionally, these data show many healthy adults even in their 80s had relatively modest levels of amyloid. We note that a significant number of 70-to 89-year-olds in the general population would not meet the physical or cognitive criteria for admission to this study, and thus might be more likely to have elevated A␤.
Therefore, the fraction of low-amyloid adults observed in our healthy aging study is likely greater than in the general population. The anterior cingulate, posterior cingulate, precuneus, and temporal cortices evidence the steepest increases in amyloid with age. Occipital, parietal, and prefrontal cortices evidence a shallower increase in amyloid deposition across the age range. SUVR ϭ standardized uptake value ratio.
The in vivo data we present here are in accord with the postmortem literature, which shows a steady increase in A␤ plaque deposition across the age span of 26 -95 years. 35 Further, postmortem reports of a slowing of the age-related increase in plaques at the older end of the lifespan 36 are consistent with our finding of only subtle age-related increases in amyloid in those Ͼ60 years without elevated A␤.
APOE ⑀4 in our study had the expected effect of increasing risk for elevated A␤. We observed a rate of 24% ⑀4 positivity, matching population estimates. 37 Across the whole sample, APOE ⑀4 was associated with greater regional amyloid burden in the anterior cingulate, temporal lobes, and prefrontal cortex, con-sistent with other reports. 8 -10,38 As we expected, 30to 59-year-olds had a higher likelihood of carrying the APOE ⑀4 allele than individuals over 60, as many ⑀4 carriers over 60 might have converted to mild cognitive impairment (MCI) or AD and not been admitted to our study. Moreover, the elevated A␤ subgroup had more than double the prevalence of APOE ⑀4 than the remaining older adults, highlighting the risk conferred by this genotype.
Perhaps one of the most important questions is whether increased A␤ in normal adults has detectable cognitive consequences, particularly in light of the introduction of a potential preclinical phase of the disease, which is defined by the presence of amyloid in the absence of cognitive dysfunction. 22 We found in the full sample dose-response association with poorer performance on processing speed and fluid reasoning. Additionally, in high amyloid participants, the magnitude of amyloid burden was related to deficits in processing speed, fluid reasoning, and working memory. These are also the domains demonstrating the most age-related declines in healthy aging. We did not find an association between A␤ and episodic memory performance, in agreement with previous studies, 6,7,14 -17,39,40 although some amyloid associations with memory performance have been reported. 18, 19 One possible explanation for the lack of association with episodic memory is that amyloidrelated cognitive deficits may preferentially occur on tasks demonstrating the most age-related decline. In our sample, episodic memory was less affected by age than other domains. Thus, a memory-amyloid association may only be observed on more demanding memory tasks 20 than those included in our study. Additionally, amyloid accumulation may be more sensitive to an individual's longitudinal decline in memory over time 11, 21 than to cross-sectional age estimates.
Investigations of cognitive domains outside the realm of memory have yielded nonsignificant findings. 6, 14, 16, 17, 19 In fact, one study that examined A␤ effects on memory, working memory, and crystallized intelligence in 32 normal adults with a mean age of 71.6 Ϯ 6.6 years reported an amyloid correlation with memory but not other cognitive domains. 19 One reason for this discrepancy could be the larger sample size and extended age range in the present study. Examining a much younger population than previous studies may have allowed us to detect differences in cognitive performance due to A␤ burden that may be apparent earlier on in the aging process, particularly in a predominantly healthy sample.
One potential limitation of the study is the correspondence of florbetapir uptake to plaque burden in individuals with lower levels of amyloid than observed in MCI or AD populations. However, we examined data from a study 34 combining postmortem tissue staining and antemortem florbetapir imaging and found that SUVR levels below 1.22 significantly correlated with immunohistochemistry (r ϭ 0.71, p Ͻ 0.001). Our cognitive findings further confirm the detrimental effects of gray matter plaque are detectable even at these lower SUVR values. When the elevated A␤ subgroup is removed, the effect of cortical uptake on reasoning remains significant. Finally, while nonspecific uptake (as measured in the centrum semiovale) increases with age, it does not correlate with any of the measured cognitive domains. These results taken together suggest increasing neocortical florbetapir uptake even at lower levels is associated with reduced cognitive performance, and is specific to gray matter plaque burden.
Our results indicate that cognitive declines across many domains are linked to A␤ in adults who have apparently good cognitive health, suggesting detectable cognitive effects may occur even in the recently proposed preclinical phase of AD. It is important to note, however, that the relative contribution of amyloid vs other well-demonstrated predictors of cognitive aging (e.g., regional atrophy, leukoaraiosis) is unclear. Studies directly addressing which neural processes and insults are most predictive of cognitive decline are needed. Furthermore, the long-term consequences of A␤ deposition in cognitively normal adults can only be addressed with a longitudinal design. Longitudinal follow-up, which is planned for the DLBS, will help determine whether A␤ deposition increases in those who are already elevated and at what rate low amyloid adults increase A␤ burden.
A key question for future research is whether some adults will maintain cognitive health for a sustained period and whether elevated A␤ deposition in healthy adults always predetermines a declining cognitive trajectory.
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